Introduction
Perturbed metabolism of long-chain polyunsaturated fatty acids (LCPUFAs) has been reported in human neurodegenerative and psychiatric diseases, such Alzheimer's disease and schizophrenia. Schizophrenic patients exhibit significantly lower levels of arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) in red blood cells Arvindakshan et al., 2003a,b) . Compared with nonschizophrenic individuals, reduced levels of LCPUFAs, particularly AA and DHA, were observed in never-medicated patients but those reductions were much less significant in patients treated with antipsychotic drugs (Arvindakshan et al., 2003b) . Several clinical studies indicate that oral administration of EPA can improve emotional and cognitive function in schizophrenic patients (Mellor et al., 1995; Arvindakshan et al., 2003a,b) . Likewise, AA (Kotani et al., 2006) and DHA (Horrocks and Yeo, 1999) supplementation can improve cognitive dysfunction seen in human disorders such as Alzheimer's disease.
Since LCPUFAs are insoluble in an aqueous cellular environment, fatty acid binding proteins (FABPs) are essential to function as cellular shuttles to transport LCPUFAs to appropriate intracellular compartments (Coe and Bernlohr, 1998) . Small 14 -15 kDa cytoplasmic FABPs belong to a family consisting of at least 13 different widely distributed proteins (Banaszak et al., 1994; Veerkamp and Maatman, 1995; Glatz and van der Vusse, 1996) . Among various FABPs, brain (B-), epidermal (E-), and heart (H-) type FABPs are expressed in brain (Owada et al., 1996) . B-FABP knockdown by small interfering RNA impairs cell proliferation and promotes neuronal differentiation in cortical neuroepithelial cells (Arai et al., 2005) . B-FABP knock-out (KO) mice show abnormalities in emotional behavior (Owada et al., 2006) , decreased neurogenesis in the dentate gyrus, and impaired prepulse inhibition (Watanabe et al., 2007) . H-FABP KO mice also exhibit a 24% reduction in incorporation of [
14 C] AA (20: 4n-6) into brain cells and a reduced proportion of total n-6 fatty acids in major phospholipid classes (Murphy et al., 2005 ), suggesting that H-FABP is critical for AA uptake and metabolism in neurons.
Using a yeast two-hybrid screen of a mouse brain cDNA library combined with coimmunoprecipitation assays, we previously demonstrated that the 29-aa insert region in the third cytoplasmic loop of the dopamine (DA) D 2 receptor long isoform (D2LR) interacts with H-FABP (Takeuchi and Fukunaga, 2003a ). Furthermore, overexpressed and endogenous H-FABP colocalized with D2LR but not with the dopamine D 2 receptor short isoform (D2SR) intracellularly in NG108-15 cells (Takeuchi and Fukunaga, 2003a) . Therefore, we asked what was the function of H-FABP/D2LR binding in brain dopaminoceptive neurons in the brain.
Here, to address this issue, we investigated the precise localization of H-FABP in the mouse CNS and analyzed dopaminerelated behaviors using H-FABP KO mice. We found that H-FABP KO mice exhibit dopamine D 2 receptor (D2R) dysfunction in the striatum, where we observed aberrant cholinergic and glutamatergic neurotransmission. Moreover, D2R-stimulated phosphorylation of ERK (extracellular signal-regulated kinase) was markedly enhanced in H-FABP-overexpressing human neuroblastoma SHSY-5Y cells. Our findings demonstrate that H-FABP regulates functions of the dopamine D2R in the brain, through neuronal D2LR/H-FABP interaction.
Materials and Methods

Animals.
Generation of homozygous H-FABP KO mice (on a C57BL/6 genetic background) has been described by Binas et al. (1999) . H-FABP KO mice exhibit normal phenotypes with regard to fertility, sex ratio, and weight gain (Binas et al., 1999) . Adult 12-week-old mice were used in all experiments. Mice were housed under climate-controlled conditions with a 12 h light/dark cycle and provided standard food and water ad libitum. The experiments were approved by Institutional Animal Care and Use Committee at Tohoku University (Permission No. 21-Pharm-Animal-1).
Immunoprecipitation and immunoblotting analysis. Immunoprecipitation and immunoblotting analysis was performed as previously described (Shioda et al., 2007) . Mouse brains were immediately removed and perfused in ice-cold buffer for 3 min (0.32 M sucrose, 20 mM TrisHCl, pH 7.4). Dorsal striatum (DS) tissues were dissected and homogenized in 200 l of buffer containing 50 mM Tris-HCl, pH 7.5, 0.5% Triton X-100, 0.5 M NaCl, 4 mM EDTA, 4 mM EGTA, 1 mM Na 3 VO 4 , 50 mM NaF, 1 mM DTT, 2 g/ml pepstatin A, 1 g/ml leupeptin, 100 nM calyculin A). Dorsal striatum position was identified by Paxinos and Franklin (2001) . Antibodies used included: rabbit polyclonal antibodies against CaMKII (calcium/calmodulin-dependent protein kinase II) (1:5000, Fukunaga et al., 1988) ; phosphoCaMKII (␣-Thr286/␤-Thr287) (1:5000, Fukunaga et al., 1988) ; D2R (1:2500, Narushima et al., 2006) ; D2LR (1:1000, Millipore); tyrosine hydroxylase (TH) (Millipore); ERK (1:1000, Cell Signaling Technology); phospho-ERK (1:1000, Cell Signaling Technology); VGLUT1 [vesicular glutamate (Glu) transporter 1] (1:500, WAKO); mouse monoclonal antibodies against H-FABP (1:50, Hycult Biotechnology); ␤-tubulin (1: 10,000, Sigma); guinea pig polyclonal antibodies against dopamine D 1 receptor (D1R) (1:2500, Narushima et al., 2006) ; goat polyclonal antibodies against choline acetyltransferase (ChAT) (1: 1000, Millipore); and vesicular acetylcholine transporter (VAChT) (1:1000, Millipore). Images were scanned and analyzed semiquantitatively using NIH image (Research Services Branch of the National Institute of Mental Health). Background density within the same image was subtracted from optical densities of corresponding immunoreactive bands.
Immunohistochemistry and cell counting. Immunohistochemical studies were performed as previously described (Shioda et al., 2007) . Briefly, after fixation, 50 m thick coronal sections were cut using a vibrating microtome (Dosaka EM). Sections were incubated as follows: 30 min in PBS, pH 7.4, containing 0.01% Triton X-100; 1 h in PBS containing 3% bovine serum albumin (BSA) (blocking solution); and overnight with various primary antibodies in blocking solution. Antibodies included mouse monoclonal antibodies against H-FABP (1:50, Hycult Biotechnology); rabbit polyclonal antibodies against D2R (1:2500, Narushima et al., 2006) ; TH (1:1000, Millipore); spinophilin (1:1000, Millipore); guinea pig polyclonal antibodies against VGLUT1 (1:1000, Millipore); and goat polyclonal antibodies against VAChT (1: 1000, Millipore) and ChAT (1:1000, Millipore). Double staining with antibodies against ChAT and D2R was performed using biotinylated donkey anti-goat IgG (1:500; Jackson ImmunoResearch) with a mixture of streptavidin-HRP (1:500, NEN Life Science Products) and Alexa 594 anti-rabbit IgG (1:500, Invitrogen). Double staining with antibodies against H-FABP and various proteins was performed using biotinylated donkey anti-mouse IgG (1:500; Jackson ImmunoResearch) with a mixture of streptavidin-HRP (1:500, NEN Life Science Products) and Alexa 594 anti-rabbit, guinea pig or goat IgG (1:500, Invitrogen). Finally, sections were stained with tetramethylrhodamine tyramide for 10 min using a TSA-Direct kit (NEN Life Science Products). To count phospho-ERKpositive cells in dorsal striatum, coronal brain sections 50 m thick were incubated 1 h in blocking solution and then overnight with rabbit polyclonal anti-phospho-ERK antibody (1:500, Millipore). After thorough washing, sections were incubated for 3 h with Alexa 448-labeled antirabbit IgG (1:500, Invitrogen). After several PBS washes, sections were incubated with the nuclear stain propidium iodide (PI, Invitrogen, 1:200 in PBS) for 10 min to count ERK-activated cells. Phospho-ERK and PI double-positive cells were counted in four areas (350 ϫ 350 m/area) per section of the dorsal striatum region (four sections per mouse, four mice per condition). All steps were performed at room temperature, and all primary and secondary antibodies were diluted in the same BSA solution as above. Sections were mounted in Vectashield (Vector Laboratories) and examined with a confocal laser scanning light microscope (Leica TCS SP2). The positions of the dorsal striatum, prefrontal cortex (PFC), substantia nigra pars compacta (SNc), and ventral tegmental area were identified by Paxinos and Franklin (2001) .
Receptor binding assay. D2R ligand binding assays using striatal membrane fractions were performed as described previously (Baik et al., 1995) . Briefly, striatal tissues were homogenized with a Polytron in icecold buffer containing 50 mM Tris-HCl, pH 7.5. Homogenates were cen- trifuged at 45,000 ϫ g for 10 min at 4°C. Pellets were resuspended in the same solution and then recentrifuged to obtain striatal membrane fractions. Ligand-binding assays were performed with 30 g of striatal membrane fractions using [
3 H]-spiperone (specific activity 15 Ci/mmol; PerkinElmer) at concentrations of 0.01-0.6 nM; nonspecific binding was determined in the presence of 1 M (ϩ)-butaclamol (Sigma). Experiments were repeated four times in each group.
Behavioral tests. Behavioral tests were conducted in an isolated room under dim light between 8:30 A.M. and 8:30 P.M. To measure locomotor activity during a 24 h period, mice housed individually in standard plastic cages were positioned in an automated open-field activity monitor using digital counters with an infrared sensor (DAS system, Neuroscience). To measure locomotor activity of methamphetamine (METH)-administered animals, wild-type and H-FABP KO mice were administered saline only on the first day (day 0) and then injected with METH (Dainihon Pharmaceutical; 0.25 or 0.5 mg/kg, i.p.) once a day for 7 consecutive days (days 1-7), followed by a 6 d withdrawal interval and a challenge injection of METH on day 14. Locomotor activity was measured every 5 min for 120 min using digital counters equipped with an infrared sensor (DAS system, Neuroscience). Wild-type and H-FABP KO mice were habituated to the test environment for 60 min before measurement of locomotor activity.
Catalepsy was evaluated as described by Boulay et al. (2000) . Time spent in a cataleptic position was monitored by positioning the mouse so that both front paws rested on a 0.3 cm diameter steel rod (covered with nonslippery tape) 3.5 cm above a bench surface. The time during which each mouse maintained this position was recorded up to a maximum of 2 min. For some studies, haloperidol (Sigma) dissolved in 5% DMSO with distilled water was administered i.p. in a volume of 10 ml/kg. SCH23390 (Sigma) was dissolved in saline and administered i.p. in a volume of 10 ml/kg. Doses are expressed as weights of the free base. For haloperidol or SCH23390 administration, mice were injected four times (first vehicle alone and then three doses of drug). Catalepsy was measured 1 h after haloperidol or SCH23390 administration in each test session. Two consecutive test sessions were separated by 2 h. Experiments with an acetylcholine (ACh) receptor antagonist were performed as described (Moo-Puc et al., 2003) . Atropine (Sigma, 4 mg/kg, i.p.) was injected 30 min before haloperidol (1 mg/kg, i.p.) administration.
Microdialysis of freely moving mice. Microdialysis studies were performed as described (Han et al., 2008) . A guide cannula (AG-4; Eicom) was lowered into the dorsal striatum 2 mm above the location of the probe tip under anesthesia (1.5% halothane, Takeda Chemical Industries). Mouse coordinates relative to the bregma were as follows (in mm): anterior ϭ 0, lateral to the midline ϭ ϩ2 and down from the dura surface ϭ Ϫ2, according to Paxinos and Franklin (2001) . Twenty-four hours after recovery, microdialysis probes (A-I-4-02, 2-mm-long dialysis membrane, outer diameter 0.22 mm; Eicom) were inserted. Microdialysis was performed using a fully automated online system in HTEC-500ACA (Eicom) and HTEC-500GAA (Eicom) for ACh and Glu analyses using freely moving mice. The microdialysis probe was perfused with Ringer's solution (1.3 mM CaCl 2 , 3 mM KCl, 146 mM NaCl, and 1 mM MgSO 4 ) at a 2.0 l/min flow rate using a microsyringe pump (ESP-64; Eicom) over the entire period. Haloperidol-induced ACh and Glu release was measured under the catalepsy protocol described above. KClinduced ACh and Glu concentrations were measured and averaged at the acute phase with higher KCl content (1.3 mM CaCl 2 , 146 mM KCl, 3 mM NaCl, and 1 mM MgSO 4 ) at a flow rate of 2.0 l/min using a microsyringe pump (ESP-64; Eicom) during a 30 min period. Dialysates were collected every 19.5 min in the sample loop of an auto-injector (EAS-20; Eicom) and then analyzed using an HPLC-Electrochemical detector system (Eicom).
Cell culture and transfection. Human neuroblastoma SHSY-5Y cells (a kind gift from Dr. T. Uehara, Hokkaido University, Sapporo, Japan) and rodent neuroblastoma ϫ glioma hybrid NG108-15 cells were grown in DMEM-containing additions as described (Takeuchi and Fukunaga, 2003a) . Cells were plated in 35 mm dishes, cultured in standard medium for 24 h, and then transfected using Lipofectamine 2000 (Invitrogen) reagent at a volume (l) to DNA (g) ratio of 1:1 in 1.5 ml of serum-free medium for 6 h. The culture medium was changed to the standard medium, and cells were cultured an additional 48 h. D2LR cDNA was obtained as described (Takeuchi and Fukunaga, 2003a) . Sense and antisense H-FABP cDNA was kindly provided by Professor Y. Owada (Yamaguchi University, Ube, Japan).
Statistical evaluation. All values were expressed as means Ϯ SEM. Comparison between two experimental groups (wild-type versus H-FABP KO mice) was made using the unpaired Student's t test for experiments of immunoblotting analysis, immunohistochemical analysis and catalepsy analysis using atropine. Analyses of locomotion activity, catalepsy duration, microdialysis and ERK phosphorylation with different doses of quinpirole in SHSY-5Y cells were subjected to two-way ANOVA, followed by one-way ANOVA for each group and Dunnett's tests. Between and within factors were as follows; locomotion activity (genotype ϫ day and METH dose ϫ day), catalepsy (genotype ϫ dose), haloperidol-treated microdialysis (genotype ϫ dose), KCl-treated microdialysis (genotype ϫ time) and ERK phosphorylation in SHSY-5Y cells (the type of transfected plasmid ϫ quinpirole concentrations). p Ͻ 0.05 was considered significant.
Results
H-FABP forms a complex and colocalizes with D2R in the dorsal striatum
In a previous study, we searched for proteins binding to a 29-aa sequence in the third cytoplasmic loop of D2LR using a yeast two-hybrid system and identified H-FABP as an interactor (Takeuchi and Fukunaga, 2003a) . To confirm that interaction in vivo, we performed immunoprecipitation of brain extracts using an D2R antibody followed by immunoblotting with anti-H-FABP antibody and observed an immunoreactive H-FABP band in extracts from wild-type mice (Fig. 1A, lane 1) but not in extracts made from H-HABP KO mice (Fig. 1A, lane 2) . Conversely, after H-FABP immunoprecipitation from brain extracts, immunocomplexes were immunoblotted with an anti-D2R antibody (Fig.  1B ). As expected, an H-FABP/D2R complex was observed in wild-type mice (Fig.  1B, lane 1) , but the D2R band was absent in H-FABP KO mice (Fig. 1B, lane 2) . Immunoreactive bands of molecular weights corresponding to H-FABP and D2R were detected in cell extracts from dorsal striatum and prefrontal cortex and from NG108-15 cells cotransfected with H-FABP and D2LR expression vectors (Fig. 1A,B, lanes 3, 4, and  5) . No significant differences were observed in protein expression of dopamine D1R, D2R, or D2LR in H-FABP KO versus wildtype mice (supplemental Fig. 1, available Fig. 2A , available at www.jneurosci.org as supplemental material). Furthermore, no significant differences in immunohistochemical localization of D2R in striatal cholinergic neurons were observed between wild-type and H-FABP KO mice (supplemental Fig.  2B , available at www.jneurosci.org as supplemental material).
To confirm H-FABP and D2R colocalization in vivo, doublestaining with H-FABP and D2R was performed in the dorsal striatum region (Fig. 1C ) of wild-type mice. H-FABP and D2R immunoreactivity colocalized in specific neurons of the dorsal striatum. As shown in Figure 1 D, H-FABP/D2R-double positivity was observed in the soma and neurites of large aspiny neurons, which were likely cholinergic (Fig. 1 D) . Colocalization of H-FABP and D2R immunoreactivity was also detected in the PFC and SNc (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Unique localization of H-FABP in the dorsal striatum
The striatal microcircuit is composed of medium-sized spiny neurons that receive excitatory corticostriatal glutamatergic innervation (Dubé et al., 1988) , dopaminergic nigrostriatal fibers (Pickel et al., 1981) and of cholinergic interneuron terminals (Holt et al., 1997) . To determine the precise localization of H-FABP in the dorsal striatum, we performed double-staining for H-FABP and markers of each cell type, using antibody to VGLUT1 to label glutamatergic terminals of cortical and subcortical origins (Fujiyama et al., 2001) , and antibodies to VAChT and TH to mark cholinergic interneurons and dopaminergic terminals, respectively. Strong H-FABP immunoreactivity was detected in all VAChT-positive cholinergic neurons (Fig. 2 A) . In bouton-like structures showing H-FABP immunoreactivity, almost all boutons were VGLUT1 positive (Fig. 2 B) . In contrast, colocalization of H-FABP with TH (Fig. 2C) or the postsynaptic marker spinophilin (Fig. 2 D) was rarely observed in dorsal striatum. These results suggest that H-FABP protein is present in cholinergic interneurons and glutamatergic terminals in the dorsal striatum, whereas H-FABP is not present in dopaminergic terminals or in postsynaptic densities in dendritic spines of medium-sized spiny neurons in the dorsal striatum.
H-FABP KO mice show low responsiveness to METH-induced sensitization and enhanced haloperidol-induced catalepsy
The basal ganglia, including the dorsal striatum, function in sensitization to the drugs METH and cocaine and control motor coordination such as the sequence of movements (Cools, 1980; Aosaki et al., 1994) . To investigate potential changes in basal ganglia-dependent functions in H-FABP KO mice, we first examined METH-induced behavioral sensitization. Since there was no difference in spontaneous daytime locomotor activity observed between wild-type and H-FABP KO mice (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material), behavioral experiments were conducted during that period. Interestingly, H-FABP KO mice showed significantly reduced drug sensitization against repeated METH administration (Fig. 3 A, B) . H-FABP KO mice showed significantly reduced locomotor activity after repeated administration of either 0.25 or 0.5 mg/kg METH compared with wild-type mice (Fig. 3A) [n ϭ 5 each, genotype ϫ day interaction (F (8,80) ϭ 24.5, p ϭ 0.0017)] (Fig. 3B) [n ϭ 6 each, genotype ϫ day interaction (F (8,98) ϭ 32.7, p Ͻ 0.001); METH dose ϫ day interaction in wild-type (F (8,89) ϭ 15.9, p Ͻ 0.01), in H-FABP KO (F (8, 89) 
To determine whether H-FABP functions in the response to typical antipsychotic drugs acting via D2R, we examined haloperidol-induced catalepsy behavior. Haloperidol-induced catalepsy was markedly enhanced in H-FABP KO compared with wild-type mice, particularly at low haloperidol doses (Fig. 3C) [n ϭ 6 each, genotype ϫ dose interaction (F (3,47) ϭ 8.16, p ϭ 0.0171)]. To determine whether H-FABP KO mice exhibit altered D1R function, we examined catalepsy induced by SCH23390, a D 1 antagonist. SCH23390-induced catalepsy was not significantly different between wild-type and H-FABP KO mice (Fig. 3D) [n ϭ 6 each, genotype ϫ dose interaction (F (3,43) ϭ 0.28, p ϭ 0.61)], indicating no significant change in D1R function in H-FABP KO mice. Together, H-FABP KO mice show dysfunction only of D2LR with no change in D1R function with regard to catalepsy activity.
H-FABP KO mice exhibit enhanced ACh release associated with increased haloperidol-induced catalepsy
Since ACh and Glu release in striatum is reportedly critical for D2LR-stimulated catalepsy (Usiello et al., 2000) , we hypothesized that ACh and/or Glu release is enhanced in H-FABP KO mice. To investigate this question, we used microdialysis to analyze changes in release of both neurotransmitters in the dorsal striatum of freely moving animals. Although basal levels of ACh efflux between wild-type and H-FABP KO mice were similar, haloperidol administration-induced ACh release was markedly enhanced at different doses in the dorsal striatum of H-FABP KO mice compared with wild-type animals (Fig. 4 A) . Enhanced ACh release observed at 0.25 and 0.5 mg/kg haloperidol was closely correlated with haloperidol-induced cataleptic responses, particularly at 0.5 mg/kg, as shown in Figure 3C (Fig. 4 A) [n ϭ 4 each, genotype ϫ dose interaction (F (3,31) ϭ 10.96, p ϭ 0.005)]. In contrast, no significant elevation in haloperidol-induced Glu release in the dorsal striatum was observed either in wild-type or H-FABP KO mice (Fig. 4 B) (n ϭ 4 each) . To confirm whether haloperidol-induced catalepsy is related to ACh release, we measured the haloperidol-induced cataleptic response following pretreatment with the muscarinic ACh receptor antagonist atropine (administered 30 min before haloperidol injection). As expected, the duration of haloperidol-induced catalepsy was significantly decreased by atropine pretreatment both in wild-type and H-FABP KO mice [wild-type: haloperidol, 120 s, atropine plus haloperidol, 30.4 Ϯ 9.0 s, t ϭ 9.96, degrees of freedom (df) ϭ 8, p Ͻ 0.01, n ϭ 5 each; H-FABP KO: haloperidol, 102 Ϯ 18 s, atropine plus haloperidol, 46.2 Ϯ 13.1 s, t ϭ 2.51, df ϭ 8, p ϭ 0.0182, n ϭ 5 each]. We further determined whether H-FABP deficiency alters depolarization-induced ACh and Glu release in the dorsal striatum. A microdialysis probe was perfused with a high KCl solution to depolarize neurons in the dorsal striatum. After monitoring basal ACh and Glu release using normal Ringer's buffer, high KCl-containing buffer was introduced into the microdialysis probe for 30 min. High KCl-induced ACh and Glu release was markedly enhanced in H-FABP KO compared with wild-type mice (Fig. 4C,D) [ACh, n ϭ 4 each, genotype ϫ time interaction (F (6,55) ϭ 3.16, p ϭ 0.011); Glu, n ϭ 4 each, genotype ϫ time interaction (F (9,79) ϭ 8.22, p Ͻ 0.001)]. We also measured VGLUT1, VChAT, ChAT and TH protein expression in the dorsal striatum and observed no significant differences in expression levels of these neurotransmitter markers between wild-type and H-FABP KO mice (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). These results suggest that increased ACh release observed in the striatum predominantly accounts for the onset of haloperidol-induced catalepsy.
Aberrant activation of CaMKII and ERK in the dorsal striatum of H-FABP KO mice
Since microdialysis studies revealed increased depolarizationinduced Glu release in the dorsal striatum of H-FABP KO mice and since NMDA receptor functions in drug sensitization (Karler et al., 1989; Stewart and Druhan, 1993) , we hypothesized that CaMKII autophosphorylation and ERK phosphorylation through the NMDA receptor were upregulated in H-FABP KO mice. As expected, CaMKII autophosphorylation of both the ␣ and ␤ subunits markedly increased in KO compared with wild-type mice (␣ subunit, 372.6 Ϯ 37.9% of wild-type mice, t ϭ 6.71, df ϭ 10, p Ͻ 0.01; ␤ subunit, 378.0 Ϯ 80.0% of wild-type mice, t ϭ 3.12, df ϭ 10, p ϭ 0.018, n ϭ 6 each) without changes in protein levels of either subunit. Moreover, phospho-(p-) ERK levels were also significantly increased in H-FABP KO mice (Fig. 5B ) (505.9 Ϯ 35.5% of wild-type mice, t ϭ 8.76, df ϭ 10, p Ͻ 0.01, n ϭ 6 each). To confirm upregulation of ERK phosphorylation in striatal cells, we counted dorsal striatum neurons double-positive for pERK and the nuclear stain PI. Consistent with the immunoblot results, pERK/PI doublepositive cells were remarkably increased in the dorsal striatum of H-FABP KO mice relative to wild-type mice (Fig. 5C ) (42.5 Ϯ 1.9 cells in wild-type mice versus 84.5 Ϯ 4.7 cells/360 ϫ 360 m in H-FABP KO mice, n ϭ 4 each, t ϭ 8.24, df ϭ 6, p Ͻ 0.01).
H-FABP overexpression increases sensitivity of D2R to quinpirole in human neuroblastoma cells
We previously documented that D2R stimulation with quinpirole increases ERK activity and concomitant transcriptional activity of genes encoding factors such as NF-kappaB in NG108-15 cells transfected with D2LR Fukunaga, 2003b, 2004) . Here we measured ERK phosphorylation after D2R stimulation with quinpirole in human neuroblastoma SHSY-5Y cells, with or without H-FABP overexpression. The schematic diagram in Figure 6 A shows H-FABP sense and antisense (control) pcDNA3 constructs used in these studies. As expected, quinpirole stimulation clearly activated ERK, and ERK phosphorylation was significantly potentiated in H-FABP sense-transfected compared with antisense-transfected cells (Fig. 6 B) (antisense with quinpirole, 236.3 Ϯ 7.4%; sense with quinpirole, 324.3 Ϯ 21.2% of antisense with distilled water, t ϭ 3.92, df ϭ 10, p Ͻ 0.01, n ϭ 6 each). ERK protein levels remained unchanged after transfection with any construct, and with or without quinpirole stimulation. We also examined ERK activation in response to different concentrations (3 or 30 M) of quinpirole. In H-FABPoverexpressing cells, ERK phosphorylation was significantly increased at either dose compared with H-FABP antisense-transfected cells (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material) (F (3,31) ϭ 3.22, p Ͻ 0.05, n ϭ 4 each). Thus, interaction of H-FABP with D2LR likely upregulates D2LR signaling, as evidenced by ERK activation. D2R third cytoplasmic loop or indirectly through competition with other proteins such as calmodulin and spinophilin interacting with the third cytoplasmic loop (Kabbani and Levenson, 2007) . Further extensive studies are required to resolve mechanisms underlying D2LR activation by H-FABP.
Importantly, we provide direct evidence that haloperidolinduced catalepsy is associated with increased ACh release but not with Glu release in the striatum. Haloperidol can directly stimulate striatal ACh release by disinhibition of D2R-induced ACh release (Guyenet et al., 1975) and consequently increasing ACh release (Scatton, 1982) . Haloperidol administration activates ERK and induces c-fos expression in mouse striatopallidal neurons (Bertran-Gonzalez et al., 2008) . Thus, haloperidol may block D2R-mediated inhibition of cholinergic neurons, leading to increased ACh release and in turn facilitating haloperidolinduced catalepsy. Likewise, blockade of D2R located on presynaptic glutamatergic fibers increases Glu release, thereby eliciting haloperidol-induced catalepsy (Maura et al., 1988) . Moreover, Glu stimulates ACh release via NMDA receptors on cholinergic interneurons (Scatton and Lehmann, 1982; Ikarashi et al., 1998) . Therefore, we hypothesized initially that increased Glu release seen following haloperidol administration enhanced ACh release, which in turn caused catalepsy. However, we show here that haloperidol administration does not affect presynaptic glutamatergic terminals; therefore, the glutamatergic pathway is likely not involved in haloperidol-induced catalepsy, at least in the dorsal striatum. In pharmacological studies, MK-801, an NMDA receptor antagonist, has been shown to reduce haloperidolinduced catalepsy in rats (Dragunow et al., 1990; de Souza and Meredith, 1999) . Notably, in this study depolarization-induced Glu release was markedly enhanced in H-FABP KO mice. Although haloperidol-induced glutamate release was unchanged in a microdialysis assay, the basal glutamate tone from the cortex to the striatum is likely elevated in H-FABP KO mice. Thus, glutamatergic input may be enhanced in H-FABP KO mice. This enhancement coincides with markedly elevated striatal CaMKII and ERK phosphorylation that we observed in H-FABP KO mice.
Intraperitoneal administration of haloperidol increased striatal DA levels in mice (Usiello et al., 2000) . DA suppresses and ACh enhances D2R-expressing striatopallidal neuronal activity (Day et al., 2008) . Therefore, cholinergic action opposes the effects of DA on the D2R in striatopallidal neurons. In H-FABP KO mice, there were no significant differences in D2R and TH protein levels compared with wild-type mice in the substantia nigra, which is the origin of dopaminergic neurons (our unpublished data). Thus, increased haloperidol sensitivity seen in H-FABP KO mice may not be due to deficits in dopaminergic neurons. In future studies, we plan to measure DA release in the prefrontal cortex, in which H-FABP and D2R are colocalized (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Interestingly, strong H-FABP immunoreactivity was detected in the substantia nigra. H-FABP and TH double-positive cells likely to be neurons were observed in the SNc (supplemental Figs. 3, 7 , available at www.jneurosci.org as supplemental material). Recently, it was reported that high H-FABP levels are observed in sera from Parkinson's disease patients (Wada-Isoe et al., 2008) , suggesting that H-FABP could be a useful biomarker to detect cell damage in these patients.
H-FABP has a high affinity for AA (Hanhoff et al., 2002) , and H-FABP KO mice show 24% decreases in AA incorporation into brain cells (Murphy et al., 2005) . Our preliminary studies show that H-FABP KO mice exhibit increased fear/anxiety and cognitive function deficits (Motohashi et al., in preparation). Stimulation of D2R increases AA production in Chinese hamster ovary (CHO) cells (Kanterman et al., 1991; Piomelli et al., 1991) and in primary striatal neuron cultures (Schinelli et al., 1994) . In the present study, ERK activity was significantly increased after treatment of H-FABP-overexpressing SHSY-5Y cells with a D 2 agonist, indicating that AA could be a beneficial molecule to promote D2R function. Future studies should address whether reduced AA levels in the brain in part mediate D2R dysfunction in H-FABP KO mice. A crucial role for dopamine D2R has been demonstrated based on the types of therapeutics used to treat neuropsychiatric disorders, such as schizophrenia, and addictive, stress or movement disorders (Noble, 2003) . It is also important to determine whether AA administration rescues D2R dysregulation in these disorders through H-FABP.
In conclusion, we have demonstrated that H-FABP KO mice exhibit D2R dysfunction and show aberrant activation of cholinergic and glutamatergic neurotransmission in the dorsal striatum. H-FABP KO mice also showed abnormal striatal-related behaviors, such as reduced METH-induced behavioral sensitization and enhanced haloperidol-induced catalepsy. Both immunohistochemical and immunoprecipitation studies also strongly suggest that H-FABP is essential to regulate D2R function.
